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Optimal Control of Voltage and Power in a Multi-Zonal MVDC Shipboard Power System I. INTRODUCTION W ITH the U.S. Navy proposing a Medium Voltage DC (MVDC) distribution architecture for the all-electric ship Shipboard Power Systems (SPSs) [1] , [2] , utilizing the recent developments in the power electronic converters, such as voltage source converters (VSC), calls for more research to maintain the reliability and survivability of the system [1] . The VSC based MVDC SPSs are tightly coupled, power-limited systems. A multi-zonal MVDC SPS will employ several VSCs exchanging power through a DC network [2] . When a DC fault occurs in the electrical systems as a result of battle damage or equipment failure, the overall impact is a steady state change in the DC voltage across the VSCs [4] . This may lead to failure in the solid-state switches. Hence, the DC voltage should be maintained within a narrow range under pre-fault and post-fault outage conditions. The tightly couples nature of the SPS requires coordinated control to keep values within tight parameters and prevent additional faults or damage to equipment. While protection equipment will remove the fault, the VSCs are tasked with maintaining the voltage within a narrow range. In order for the VSCs to quickly manage the change in voltage, it is necessary to pre-determinate the optimal power reference of the VSCs, for a given setting of the DC voltage reference of the VSC in voltage regulator mode. Because of this need, it is desirable to find an accurate numerical method that solves the optimization problem quickly and determines the reference settings. In this paper, only steady state faults are studied. The small signal and transient stability analysis was studied in [26] .
Lu [5] developed an algorithm for optimal control of multi-terminal HVDC (MTDC) based on voltage source converters. The operation of point-to-point VSC-HVDC requires one of the VSCs to operate in DC voltage regulator and the remaining in the power dispatcher mode [6] , [7] . As detailed in [5] [6] [7] , an MTDC system generally consists of several VSCs, connected in shunt to a DC network, in power dispatcher mode with one in DC voltage regulator mode. The feedback control of the DC voltage regulator is configured so that it regulates the DC voltage across its DC bus. Since the DC voltage across the DC bus depends on the charging of the DC capacitors, the DC voltage regulator controls the AC real power through it to null the error between the measured DC voltage and the DC voltage reference. The DC voltage regulator acts as a power slack because, while keeping the DC voltage charged to its 0885-8950/$26.00 © 2012 IEEE reference setting, it maintains the power balance in the DC network. The DC voltage regulator takes on the complementary role (acting as inverter or rectifier) as a power slack to maintain power balance in the DC system.
The above process can be formulated as an optimization problem. Linear Programming and Gradient based techniques have been proposed in the literature for solving this problem [12] , [15] . However, due to the approximations introduced with the linearized models, these conventional methods may not give the optimal solution for inherently non-linear, non-differentiable objective functions. Also, these conventional methods are known to converge to a local optimal rather than the global solution. This paper reports two of the evolutionary computation techniques, genetic algorithm (GA) and biogeography based optimization (BBO) methods. Although the genetic algorithm method has been used for different power system optimization applications, none of these have been applied for MVDC system. This paper is concerned with the application of these two techniques for optimal control of the DC voltage and power in the multi-zonal MVDC system. Conventional and the intelligent techniques to solve this optimization problem, while satisfying the power balance requirement, voltage constraints and the power constraints are developed and have been tested on a simplified model of the Multi-zonal MVDC SPS.
GAs have been used to solve problems with objective functions that do not possess properties such as continuity and differentiability. This algorithm maintains and manipulates a family, or population, of solutions and implements a survival of the fittest strategy in the search for better solutions [21] . GAs search the solution of a function through the use of simulated evolution, i.e., the survival of the fittest strategy. In general, the fittest individuals of any population tend to reproduce and survive to the next generation, thus improving successive generations. However, inferior individuals can, by chance, survive and also reproduce. GAs have been shown to solve linear and nonlinear problems by exploring all regions of the state space and exponentially exploiting promising areas through mutation, crossover, and selection operations applied to the individuals in the population.
BBO is a population-based evolutionary algorithm (EA) that is based on the mathematics of biogeography [19] . Biogeography is the study of the geographical distribution of biological organisms. This paper presents a simplified version of the BBO and then analysis of its population using probability theory is carried out. The analysis provides approximate values of the expected number of generations before the population's best solution improves, and the expected amount of improvement. These expected values are functions of the population size. Three behaviors are quantified as the population size increases: first, the best solution in the initial randomly-generated population improves; second, the expected number of generations before improvement increases; and the third, the expected amount of improvement decreases. The application of the biogeography to the optimization was first presented in [23] and is an example of how a natural process can be modeled to solve general optimization problems. As optimization techniques, GAs and BBOs are much less dependent on the initial values of the variables in the optimization problem unlike the widely used conventional methods. The advantages of GA and BBO method over the other optimization methods are in [25] .
The remaining sections of this paper have been organized as follows. Section II briefly describes a multi-zonal MVDC shipboard power system architecture. Section III discusses the mathematical formulation of the three different alternative objective functions and Section IV describes the conventional and the intelligence techniques based algorithms to solve the optimization problems. Section V presents the test results obtained on the multi-zonal MVDC shipboard power system. Finally, the paper concludes in Section VI.
II. MULTI-ZONAL MVDC SHIPBOARD POWER SYSTEM ARCHITECTURE
In MVDC architecture, the main power distribution can utilize DC supply at standard voltages ranging between V DC to V DC using a high-impedance ground. A notional shipboard MVDC power system architecture, as proposed in [3] , is shown in Fig. 1 . This MVDC architecture utilizes a medium voltage DC ring bus, operating at 5 kV, fed from the two main and the two auxiliary generators (MTG1, MTG2, ATG1, and ATG2) through transformers and rectifiers. The DC power is distributed along the length of the ship in five zones. The loads, converters, power conversion modules (PCMs), and power distribution modules (PDMs) are distributed in these zones.
Loads, requiring 800 V DC, are supplied with the help of PCM1, which converts 5000 V DC power to 800 V DC. PCM4s are typically connected to the generators for AC to DC conversion. Other zonal loads, which require AC (such as propulsion motor load), are fed with the help of PCM2, which converts DC-AC. It also has converter-driven energy storage devices, such as a bank of capacitors or fuel cells, a pulsed load device, such as the charging circuit for a free electron laser gun, and high power sensors, such as a radar array. This study has considered a simplified model of the Multi-Zonal MVDC shipboard power system architecture. All the loads are considered as lumped loads on the DC busbar.
III. MATHEMATICAL FORMULATION
In a multi-terminal MVDC distribution system, a VSC converter can be operated either in the DC voltage regulator mode or in power dispatcher mode. In this work, one of the VSCs is assumed to operated in DC voltage regulator mode, say th converter in an MVDC system having total VSCs, and the remaining ones in the power dispatcher mode. The reference setting of the VSC in voltage regulator mode can be taken to the nominal or near nominal DC voltage rating, but it is required to determine the optimal reference power setting of the remaining N converters in the power dispatcher mode, ensuring that the DC voltage across these VSCs also remains within acceptable limits in the pre-fault system condition as well as under failure of one of the VSCs in the power dispatcher mode. The outage of the VSC in the voltage regulator mode is not considered for the sake of simplicity, but in case it is simulated, one of the remaining VSC has to be considered to operate under the voltage regulator mode. These settings can be maintained by the inbuilt control scheme of each VSC, which is not modeled in this work, as the main focus of the paper is the steady state, coordinated optimal operation of VSCs. This problem has been formulated as an optimization problem to determine the optimal references power setting of the VSCs in the power dispatcher mode. Optimization problem satisfies the system operating constraints not only under the base case pre-fault system condition, but also under outage of the VSCs, taken one at a time in the power dispatcher mode.
The solution has been obtained by a classical Lagrange multiplier approach [8] , and two evolutionary algorithms, satisfying the voltage and power constraints. An existing formulation of the problem and two new alternate formulations have been utilized as described below.
A. Problem Formulation
The objective is to find the power settings which allow to be satisfied not only for the pre-fault case but for every case of any one of the VSCs being lost ( indicates loss of the th VSC). For the case of being lost, so that
B. Power Limits
The VSCs have power limits because of their MVA ratings or because of contractual commitments to supply sensitive loads. The power limits are denoted as and . The minimization of a function, which will ensure that the power limits are observed, can be . The summation is taken over . and is an diagonal matrix of penalty weights.
C. Voltage Limits
The DC voltage limits are denoted as and . The minimization of a function, , ensures the compliance of voltages within the limits. is an diagonal matrix of penalty weights. However, the parameters for optimization are not but . In fact, is the solution of the equation for the bus MVDC system for cases pertaining to .
D. Formulation With the Power and Voltage Constraints
By combining both the power limits and voltage limits, three different optimization formulations have been considered, as described below.
1) Existing Formulation [5] : This considers the objective function to be minimized as (1) subject to equality constraints In addition to the above, two new alternate formulations have been suggested with the objective functions as given below.
2) Alternative-1 Formulation: This formulation tries to minimize the deviation of power from its target value and deviation of DC voltage from its target value . The target value of the power can be the base case desired values used as reference settings of the dispatchers and the target value of the DC bus voltages can be taken as the nominal value (1.0 p.u.): (2) 3) Alternative-2 Formulation: This formulation minimizes the deviation of power from its maximum and minimum limiting values but the deviation of the DC voltage from its target value:
In this work, all the weighing factors have been considered to be unity for the sake of testing the proposed algorithms.
IV. CONVENTIONAL AND INTELLIGENT TECHNIQUES ALGORITHMS
The above three alternative formulations with different objective functions, along with the equality constraints, have been solved using three different techniques 1) Lagrange multiplier approach, based on first order gradient approach, 2) GA method, and 3) BBO method.
A. Lagrange Multiplier Method
The main steps with this approach are as follows: 1) Start with an initial value of reference power settings , being the iteration number. 2) Solve for from the power flow equations:
, for given value of the th bus voltage. 3) Examine if the voltage or converter power limits are violated. Include the corresponding penalty terms in the objective function. 4) Compute (the gradient of the objective with respect to . 5) Update converter power, , where is a factor for modifying the step size. The value is chosen by trial and error. 6) Repeat steps 2, 3, 4, and 5 until is less than a pre-specified tolerance.
B. Genetic Algorithm Method
GAs are search techniques based on an analogy with the biology [20] in which a group of solutions evolved through natural selection. In their implementation, a population of randomly generated candidate solutions evolves to an optimum solution through the operation of genetic operators consisting of reproduction, crossover and mutation. Additional details on the GA for this application are available in [25] .
The major computational steps are as follows: 1) Randomly generate a set of initial population within the search space. 
C. Biogeography Based Optimization
BBO is founded [17] on the observation that the migration of species among a group of neighboring islands, combined with mutation of the individual species, will tend over many generations to produce islands that attract and keep large numbers of species through immigration. Other islands will lose species through extinction or emigration and will sometimes become desolate. The BBO algorithm seeks to model this behavior in a way that causes an "optimal" island to emerge from the original population of islands.
In a group of neighboring islands, species of plants and animals will migrate over time between the islands by various means, being carried along by driftwood, fish, birds, and the wind. Over evolutionary periods of time, some islands may tend to accumulate more species than others because they posses certain environmental features that are more suitable to sustaining those species than islands with fewer species. This ability to sustain larger numbers of species can be associated with a fitness measure that we can quantify by assigning an Habitat suitability index (HSI) to each island. The value of the HSI depends on many features of the island. If a value is assigned to each feature, then the HSI is a function of these values. Each of these values is represented by a suitability index variable (SIV). These mappings are summarized as follows: Fig. 2 . Candidate solution [17] .
An island with a large number of species (a large HSI) has abundance of species which can emigrate to other islands, so its rate of emigration, denoted by , is correspondingly large. The island is also less likely to be able to sustain further immigration of species because of the growing demand on its finite environmental resources, so its immigration rate, denoted by , is small. For many applications, it suffices to assume a linear relationship between an island's HSI and its immigration and emigration rates are the same for all islands under consideration (the population). These relationships are depicted in Fig. 2 .
In order to apply the BBO concept to an optimization problem, the n-tuple associated with the features of an island is viewed as a possible solution to the optimization problem. In other words, the set of all such n-tuples is the search space from which an optimal solution will be determined. The value of the HSI for a particular island is viewed as the value of the objective function associated with that solution. The goal of the BBO algorithm then is to determine the solutions which maximize the HSI over the entire search space.
One can use the migration rates of each solution to probabilistically share features between islands. For each SIV (feature) in each island (solution), one can probabilistically decide whether or not to immigrate. If immigration is selected for a given SIV, then the emigrating island is selected probabilistically. After the migration operation, a mutation operation is probabilistically applied to the island to increase diversity in the population. The major computation steps as shown in Fig. 3 are as follows: 1) Initialize the BBO parameters.
2) The initial position of SIV of each habitat should be randomly selected, while satisfying different equality and inequality constraints of optimization problem. A group of habitats, depending upon the population size, are being generated. Each habitat represents a solution to the given problem. 3) Calculate the HSI, i.e., value of objective function for each habitat of the population set for given emigration rate , immigration rate and species S. 4) In the Optimization problem indicates the objective function due to the th set of generation value (i.e., the th habitat). 5) Based on the HSI value, the elite habitants are identified. 6) Modify each non-elite habitat using immigration and emigration rates. 7) Update each habitant using and recalculate each HSI. 8) Feasibility of a problem solution is verified, i.e., each SIV should satisfy equality and inequality constraints. 9) Go to step-3 for the next iteration. 10) Terminate if stopping condition has been reached.
V. SIMULATION RESULTS
The proposed method of optimal voltage and power control has been tested on the simplified MVDC notional shipboard system, derived from Fig. 4 . Fig. 4 shows a seven-bus simplified model of MVDC shipboard power system. In seven-bus MVDC SPS system shown in Fig. 4 , VSC7 is assigned to be DC Voltage Regulator and bus 5 is, therefore, the slack bus. VSC1 and VSC5 are assumed to act as rectifiers, connected to the main generators on the AC side.
VSC2 and VSC3 are assumed to act as rectifiers, connected to the auxiliary generators on the AC side. All the loads are assumed to be fed from VSC4, operating as an inverter. The converter power settings are shown in Table I . The five-bus simplified models of the multi-zonal MVDC SPS have been considered and these algorithms have been tested and comparison of the results has been done. More details can be found in [25] . Table II presents the results with the voltage sensitivity method [24] . As can be seen from this table, there is no feasible common range for of the voltage regulator.
Tables III-XI present the results with the adjusted converter power settings, obtained by the proposed conventional and intelligent optimization techniques, as described in Section IV, for the three different objective functions. The voltages are within desired limits in the pre-fault and all the post-fault cases. From tables, it can be observed that the Alternative-1 formulation gives the most optimal results as the DC voltages of the VSCs for both the pre-and post-fault cases are closer to their nominal value 1 p.u.
To demonstrate the performance of the evolutionary techniques, the optimization results with the three different objective functions, obtained by GA and BBO, are compared with the results obtained with a conventional method. The results are summarized in Table XII. Table XII shows that for the tested system and parameters chosen the GA provides the lowest final objective function values for all the three formulations. The BBO technique performed better than the conventional methods. BBO has performed better than GA and other evolutionary algorithms in some applications [17] . As discussed in the literature [17] , the BBO is more sensitive to the immigration and emigration parameters, so additional studies would be necessary to develop the best generic BBO parameters for this test system. By having additional information about the system may enable a better optimization problem formulation and may improve the performance of these algorithms. The two evolutionary computational algorithms have been proposed, in this paper, for the optimal DC voltage and power control in the MVDC shipboard power systems. The MATLAB code has been developed to solve the optimization problem. Test results on a simplified representation of the multi-zonal notional MVDC architecture reveals that the methods proposed, in this work, effectively readjusted and determined the optimal power reference settings of the power dispatchers that maintains the DC voltage at other VSC buses within acceptable limits under the pre-fault as well as the post fault conditions, following the failure of one of the converters. Three alternative formulations, with different objective functions, were tried out and it is found that the new alternative-1 formulation provides the smallest final objective function. These algorithms have successfully satisfied the specified voltage and power constraints and power balance and had provided the best solution, presented in the paper. To evaluate the performance of the intelligent techniques, the optimization results obtained were compared with the results obtained with a conventional method. The GA provides the best solution for the given optimization problem followed by BBO. The performance of the GA and the BBO algorithms can be further improved by investigating different ways of generating initial population and by tuning their parameters to achieve even better optimal solution.
